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1 

Fl FCTTRICALLY TUNABLE UlhHKACI IVt GRATING ELEMENT 

The present Invention relates to an electrically tunable diffractive 
grating element according to the preamble of the appended claim 1. 

5 

Display technology Is one of the key elements in current development 
of new portable devices, which today typically feature wireless 
connectivity for voice and data access - and that will include a display 
for viewing, tor example, text, graphics and different types of 
10 multimedia. The displays of such portable devices need to be 
Increasingly capable of reproducing high quality nnlour still images and 
also live colour video. Such devices include, for example, advainced 
mobile phones and porlaUle InlernHt appliannBS. 

15 Many portable producls are dominated by the display - both physically 
and from the cost perspective. The fact is that almost all other 
electronic components in such devices are slirinklng in size except the 
display. I he use of a microdisplay-based system instead of a large size 
direct view display panel promises one possible way to get over these 

20 limitations. Microdisplay-based systems may be generally defined as 
systems where the image produced by an image source has lo be 
magnified tor viewing. Generally, such microdisplay-based systems are 
driven by small, high-resolution integrated circuit display chips, bul 
other configurations are possible too. 

25 

Microdisplays offer de5;igners a chance to increase the displayed 
image size and resolution, yet physically shrink the size of the image 
source Itself. In many rasfis, the smaller the image source, the lower 
the cost. So, not only do microdisplays promise to lower system costs, 

30 but their physically smaller si7e will mean less bulky and heavy 
products and smaller power consumption, that is they will operate 
lunger with the same battery souroe. With a microdisplay-based system 
high pixel densities may bo achieved. Many direct view flat-panel 
displays for instance, produce full colour pixels at only 3-4 llnea/mm. 

35 Many microdisplay-based systems can provide full colour pixolo at 50- 
100 lines per mm. 
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Microdisplay-based systoms can be generally dividod into two classes: 
projection display systems and viiLual display systems. 

Projection display systems creale a real iniaye on a screen. Suitable 
b imaging optics magnify and project an imago that ie created on a 
display chip embedded within a pr ojeclur. 



Virtual microdisplay-based systems alsu use iniaginu optic;s to magnify 
an image, but to create a virtual Image instead of a projected real 

10 image. A virtual image is what one sees when looking in an electronic 
viewfinder of a digital video camera, for example. The virtual image 
appears to be larger and floating at some distance from the eye of the 
obsen/er - even though it is created by a small sized integrated display 
chip acting as the image source. Virtual displays, which are kept close 

15 to the eye, can he monociiiar or binocular. Other types of virtual 
displays are, for example, Head Up Displays (IIUDs), where the 
imaging optics are lonatftd further away from the eye. 

An Imporrant and wfili-known aspect in virtual display devices, as also 
20 in many other optical systems, is the exit pupil diameter of the system. 
The diariieler and also the location of The exit pupil are of considerable 
practical Importance defining largely the overall usability of the virtual 
display device. In visual instruments, Including the virtual rllsplayR, the 
observer's eye needs to be positioned at the centre of the exit pupil 
25 located behind Ihu optical system in order to see the Image with full 
tield-of-view. In other words, the exit pupil is like a window, through 
which the virtual image uan be seen. 

The distance between the localiun uf Ihe exit pupil and the last optical 
30 component, tor example, the eye-piece lens of a visual instrument Is 
called eye relief. The eye relief, together with the exil pupil, defines Ifie 
freedom ot observ^ation, i.e, the volume where the observer's eye can 
be located with respect to the opttead system. 

35 The cunrent invention is especially related to such virtual display 
systenis, where Imaging opTlc<; aro usrcI to create an enlarged virtual 
image from the smaller sized real image created by an image source, 
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typically by an integrated circuit display chip. The invention is not 
limited only to microdlsplay-based syslarns, bul can also be used in 
other virtual display systems. Besides display systems, the invention 
may in its generic form be utilized in other type of optical systems as 
5 well, where different wavelengths of light are treated in a sequential 
manner. 

Document WO 99/52002 discloses optical devices, in which a plurality 
of holographic optical elements (HOEs), i.e. diffractive grating elements 
10 are arranged on a common planar light-transmittive substrate. These 
devices may be used tor magnifying the exit pupil of the imaging optics, 
which produces a virtual image at infinity from a real image source, and 
to further reflect this virtual image into the eye of an observer. 

15 Accompanying Fig. 1, which corresponds to Hig. b in WO 99/52002, 
illustrates an optical system composed of three successive HOEs to 
magnify the exit pupil of a virtual display. First HOE Hi, onto which the 
light from the optics of the input display 2 is incident, couples the light 
into a glass substrate 6 and expands the light distribution In one 

20 direction. The second HOE Hg redirects the light distribution In the 
other direction, and the third HOE Ho then couples the light from the 
substrate 6 outwards. Thus, the alorementloned optical system 
operates as a beam-expanding device, which maintains the direction of 
the light beam. The virtual Image can be thus observed through this 

25 enlarged exit pupil. Rgure 2. which con^sponds to Fig. 4 in WO 
99/52002, shows schematically in a three dimensional view the location 
of the three HOEs Hi,H2 and H3 on the substrate 6. 

The enlargement of the exit pupil of a virtual display system with a 
30 t>eam-expending optical configuration, such as with those described in 
the aforementioned document WO 99/52002, results in larger eye 
relief, which makes the virtual display device more convenient to use. A 
significantly larger eye relief allows to move the display device further 
away from the immediate vicinity of the observer's eyes. This mattes it 
35 possible to observe the virtual display in a manner resembling the use 
of an ordinary display panel reproducing real Images. 
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Iherefore, there is significant interest in optical beam expansion 
systems, which can be used to enlarge the diameter of tlie exil pupil, 
and further also the eye relief in virtual display systems. These optical 
beam expansion systems are hereafter also called exit pupil extenders 
5 (FPFs). 

However, prior art solutions tor bPbs based on the use of 
holographic/diffractive grating elements (HOEs, or DOEs, i.e. dlfTraclive 
opticaf components) in a nianner described in the document WO 
10 09/52002 have certain significant limitations, which in practice degrade 
the c\im\\ty of the reproduced virtual images. One ot these limitations is 
the fact that the colour uniformity of the image cannot be maintained 
durirjg the enlarrjBment of The.exll pupIJ. 

15 Figure 3 describes schematically the paths of light of two distinct 
wavolongths in a prior art type diffractive grating element 30, which can 
be used to expand a light beam In one riirfiotlnn. Another grating 
element 30 could be applied to expand the light beam in other 
Uirecliun, fur example in a manner shown In Figs 1 and and 

20 therefor© to be used to build an EPE. Tho diffraclivo grating clement 30 
presented in Fig. 3 could be ulilizi^iJ, fur example, hs the final element 
coupling the light towards the obsen/er through a display window, ue. 
the element H.-^ In Figs 1 and 2. 

25 In the grating element 30, a diffraclive yraliriy structure H, i.e. a surface 
relief consisting of parallel drffractive grooves, diffracts light into the 
substrate 6, where the light is trapped due lo tola! irilernal refleutiun 
(TIR). AT the upper surface I IH is complete, but at the lower surface, 
which has a grating structure , part of the light can be diffracted out from 

an the substrate 6. This outgoing light has exactly opposite direction, 
Independently from wavelength, with respect to the incoming light. The 
diffraction angle is governed in this case by the well known formula 

(1) 5m(^,)-;7^sm(^,)=:/«i 

35 

where d is the grating period 
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X is thQ wavelength 

n is rBfiraclive index uf waveguide? 

m is the diffraction order 

8i is the angle of incidence 

0,„ is the angle of diffraction of m:th order 

As can be seen from this formula, the diffraction angle increases with 
wavelength. As a result, the " interval between two successive TIR, 
depends on wavelength, being longer with longer wavelength. 



The distribution of light in the 
wavelengths. For example, 



irj-directlon becomes different for different 
blue light with shorter wavelength 
experiences more "hits" with the diffractive grating structure H than red 
light with longer wavelengths ;(X2). In other words L2 > Li as depicted in 
15 Fig, 3. Consequently, for example the primary colours red, green and 
blue for a RGB-type display become each diffracted in a slightly 
. different manner, which rficjults as an uneven colour distribution for the 
light exiting through the diffractive grating structure H. In other words, 
the output "display" will In the T|-directjon become reddish at the other 
20 end and bluish at the other. 

In practise, tho diffraction efficiency of the surface grating structure H 
might be desigrie^U tu have different local values In the ri-dlrection In 
order to create an essentially constant light output intensity to 
25 compensate for the fact, that the light energy remaining inside the 
substrate 6 decreases in said ri-direction when interacting with tho 
grating structure H. This rueliiuU, which is known from the prior art, Is, 
however, not capable to compensate for the uneven colour distribution 
explained above. 

30 

The main purpose of the current invention is lo present a novel, 
electrically tunable diffractive grating element. This device according to 
the invention is especially suitable for beam expansion purposes for 
example In EPFs and virtual display devices, and does not suffer from 
35 the aforementroned problems related to the prior art solutions. A 
specific aim of the Invention Is to make possible to construct virtual 
display systems, where good colour uniformity over the whole area of 
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the exit pupil of the display can bo maintained and thus high image 
quality is achieved. 

To attain tliese purposes, the diffractive grating element according to 
5 the Invention is primarily characterized in v/hat Vi^lll be presented in tho 
characterizing part of Ihe independent claim 1 . 

The basic gist of the invenlioii is tu substitute the diffractive grating 
structure having a permanently shaped surface relief with an 

10 electrically tunable diffractive grating structure. The graling slrucluie 
according to the invention comprises a preformed, basic diffractive 
surface relief composed of dielectric and deformable viscoelastic 
material. This preformed grating stmcture can be electrically and 
sequentially fine tuned in shape to adjust the diffraction properties of 

15 said grating indMdimily for different vi/avelengths. In sequential colour 
virtual displays this fine tuning allows to compensate for the different 
diffraction prnpRrtiBs of the grating, i.e. the diffractive grating is 
Gcqucntially fine tuned to operate optimally for each of the sequential 
primary colours, for example red, green and blue. I hus, good colour 

20 uniformity is achieved. 

One specific object of the invention is thus to allow to manufacture 
virtual display devices with significantly larger exit pupil diameter than 
prior art solutions without degrading the colour uniformity of the display 

25 device. In prior art solutions the colour non-unlformlty Increases along 
the size of the diffractive element H, because for those light waves 
experiencing highest number of reflections from said element also the 
angular effect causing colour non-uniformity ie most serious. Along with 
larger exit pupil diametei-s. also a slynifiuantiy larger eye relief can be 

30 achieved. 

The preferred embodiments of the invention and their benefits will 
become more apparent to a person skilled in the art Ihrougfi the 
description and examples given herein below, and also through the 
35 appended claims. 

In the following, tho invention will be described in more detail with 
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7 

reterencQ to the appendod drawings, in which 

Hg.1 illustrates schomatically a prior art optical system 
composed of three succeb5>ive HOEs to enlarge the exit 
pupil of a device producing virtual image, 

Rg. 2 illustrates schematically in a three dimensional view the 
arrangement of the HOEs in tfie optical system shown In 
Fig. 1, 

Rg. 3 illustrates schematically the distribution of light in on© of the 
diffractive grating elements of an EPE, 



Fig. 4 illustrates schematically force F acting on an interface 
15 between substances having different dielectncity under the 

influence of an electric field, 



Fig. 5 Illustrates an embodiment of the sequentially tunable 
diffractive grating element according to invention, 

Fig. 6 illublralBS in a magniflRri and simplified view the diffractive 
grating structure shown In Fig. 5 and the first and second 
eleclrudes nut activated, and 

25 Fig. 7 illustrates in a magnified and simplified view the diffrantlvfi 
grating structure shown In Fig. 5 and the first and second 
electrodes activated. 

It is to be understood that the drawings presented herein below are 
30 designed solely tor purposes of illustration and thus, for example, not 
for showing the various components of the devices in Uieir correct 
relative scale and/or shape. For the sake of clarity, the components 
and details which are not essential in order to explain Ihe spiril of Uie 
invention have been omitted in the drawings. 



Figure 4 illustrates schematically the generj^l principle in physics, which 
can bo observed in connection with dielectric substances. Dielectric 
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substance can bd d findd as a substance in which an electric field may 
be maintained with zero or near zero power dissipation, i.e. the 
electrical conductivity of the substance is zero or near zero. An electric 
field E going through an interface where dielectricity changes, such as 
5 at the interface between air and polymer, causes a force F onto tho 
surface of the dielectiic malerlal fiaving the higher dielectrtclty 
constant, ihis ponderomotive force F is proportional to the square of 
the electric field E at that point. In the case of an interface between air 
and polymer, under the influence of the electric field the ponderomotive 
1 0 force F acts onto the polymer surface into the direction of the air. 

Figure 5 illustrates schematically one possible embodiment of a 
sequentially tuneable diffractive grating element 50 according to 
invention. The surface relief acting as the optical diffractive structure Q 

15 Is composed of a preformed layer of dielectric and viscoelastic gel. I he 
prefomned gel layer G, for example a polymer layer, is applied onto the 
waveguide substrate 6 and on a first transparent electrode 7. A gap 8, 
for example an air gap, is left between the free surface of the 
viscoelastic layer G and a second transparent electrode 9. The second 

20 transparent electrode 9 is formed opposite to the gel layer G on the 
surface of a transparent front plate 1 0. 

The transparent front plate 10, as well as the transpsirent waveguide 
substrate 6 may be for example glass. The transparent first and second 
25 electrodes 7,9 are preferably made of indium tin oxide (ITO), as is 
known in the art. The dimensions of the gap 8 between the deformable 
gel layer Q and the second elecUoUe 9 can be stabilized, for example, 
using suitable spacers 1 1 between the waveguide substrate 6 and front 
plate 10. 

30 

Figures 6 and 7 describe in more detail the phenomena taking place in 
the gel layer G when the voltage between the first and second 
electrodes 7,9 Is varied. 

35 Rgurc 6 shows schematically the situation when no voltage is applied 
between the first and second electrodes 7,9. In this situation the light 
wave A. travelling in the waveguide substrate 6 experiences diffraction 
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due to the permanent surface relief shape fabricated to the gel layor G, 
when said layer was preformed during the manufacluriny of Uie devlue. 
This corresponds basically to the prior art situation, where tho 
properties of the diffractive grating structure H are deleriiiiiied in a 
5 pAnnanfini manner during the manufacturing of the device. 

Figure 7 shows schematically the situation when a control voltage V is 
applied between the first and second electrodes 7,9. A conlrol vulLaye 
hfttween said electrodes /,9 creates an electric field through the two 
10 dielectric layers, i.e. through the air gap 8 and the gel layer Q. The 
ponderomotlve force generated by the electric field affects surface 
between said dielectric layers, and further modifies the surface relief on 
It IB free surface of thR qrI layer G. 

15 The eleUrlc field generated between the gfil lay^r fi and the opposite 
second electrode 9 lo Inhomogeneous over the gel layer G surface; the 
electric field is strongest In those parts of the g^i layer G which are 
closest to the second electrode 9, i.e. the gap S has its minimum 
Uiicknebs. Therefore, the force acting onto the surfaoR of the gel layer 

20 G is inhomogeneous as well and a deformation of the preformed 
surface shape can be observed. In ulher words, those parts of the gel 
layer G where the preformed thickness of scud layor ie highcet (gap 8 is 
smallest), are drawn towards Ihe air yap 8 and the second electrode 9 
stronger than the "valleys" which have smaller gol material thickness. 

25 Because of this, a certain amount of yyl material flow takes place In the 
gel layer G, since most suitable polymer materials are substantially 
uncompresslble and cannot therefore simply change In volume under 
the effect of the electric field. 

30 The diffraction amplitude, i.e. the height profile of the gel layer surface 
relief affects the optical diffraction properties of the grating stmclure G 
f^nri now, according to the Invention, in a sequential colour system the 
properties of the electrically deformable grating structure G can be fine 
luned sequentially In time and separately tor each primary colour In 

35 order to obtain dosirod diffraction properties for the grating structure G, 
and subsequeiUly lo obtain good colour unlfomilty. In other words, 
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dirrerent control voltages V are used sequentially for each primary 
colour to adjust the diffraction properties of the deformable gel layer G. 

The embodiments of the invention can be extended to devices where 
5 the air gap 8 is replacfiri with a gap formed from some other suitable 
gas or even vacuum. Suitable dielectric and viscoelastic materials for 
the preformed gel layer G include, for example, silicone gel, various 
polymer materials or other suitably viscous subst£ince5 that have a 
tendency to deform when placed in a presence of an electric field; and 
10 which materials can be preformed to have a certain substantially 
perrrianent surface relief shape. 

The transparent elecUxxly slruutures rHqiJireri tn genfirate the electric 
field through the viscoelastic layor G may be made of Indium tin oxide 

15 (ITO), as is known in Uie arL Also other methods for creating 
substantially transparent electrode structures on any substantially 
transparent substrate material, may be employed without departing 
from the scope ot the invention. The waveguiding Substrate 6 and the 
front plate 10 may be glass, but,, for example, transparent plastic 

20 matenais can also be used. 

I he preferred applications of the invention include different type of 
virtual display devices^ where beam expansion in one or more 
directions is pertormed to extend the exrt pupil of the display device. In 
25 such display devices the image source can be, for example* a 
sequential colour LCOS-device (Liquid Crystal On Silicon), an ULb:D- 
device (Organic Light Emitting Diode), a MEMS-device 
(MicroEtectroMechanIc;)! System) or any other suitable microdlsplay 
device operating in transmission, reflection or emission. 

30 

While the invention has been shown and described above with respect 
lu selected embodiments of virtual display devices, it should be 
understood that those embodiments are only examples and that a 
person sicitled In the arl could cunstruct other Rmhodimf^ntf; iitlll7lng 
35 technical details other than those speclfioally disclosed horoin while otili 
remaining within the spirit and scope of Uie present invetiliun. It should 
therefore be understood that various omissions and substitutions and 
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changes In thfi form and detail of the grating etement illustrated, as well 
as In tho operation of the same, may be made by those skilled in tlie 
art without departing from the spirit of the invention. It Is the Intention, 
therefore, to restrict the invention only in the manner indicated by the 
5 scope of the claims appended hfireto 

Fur example, the embodiments of the invention Include devices where 
either one or both of the first 7 and second 9 electrode structures each 
consist of several electrode zonef; in nrder to affect the gel layer G in 
10 different parts of the grating clement in a different manner. The 
different electrode zones within an electrode structure may also be 
connected to several different voltage ievels. 

The prefonmed gel layer G may also havo different diffraction 
15 amplitude, i.e. a different preformed surfaue yfiape in different parts of 
the grating element, iheretore, it is possible to have a diffractive 
grating element in which the diffraction efficiency varies locally. 

Therefore, those optimisation parameters for a diffraction grating 
20 element bU according to the invention, that may be selected according 
to the specific application, Include, for example, the preformed shape of 
the gel layer G, the size, location and mutual distance of the first 7 and 
second 9 electrodee structures, the number of electrode zones in said 
electrode structures and the voltage levels applied to said electrode 
25 structures/zones. 

* s 

Instead of coupling light out from a substrate material G, the electrically 
* curitrolled diffractive grating element 50 may also be used to couple 

light Into the wavegulding substrate material 6 or to fold the light within 
• . . 30 said substrate material. In other words, the diffractive grating element 

50 according to the invention could be used instead of HOE/DOE Hi or 

HOE/DOE Hz In the EPE described In Figs 1 and 2. 

The applications of the Invention may Include, for axampla, portable 
35 Internet appliances, hand-held computers, personal digital assistant 
, devices (PDAs) advanced mobile phones and olhei rnubile stations, 

digital video and still cameras, wearable computers, computer game 
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devices, specialized tiring-to-tlie-eye products for viewing different 
types of information or prcsentationa, and other devices including higin 
qu'dlity virtual display devices. 

5 The Invention may also used in other applications than virtual displays. 
In principle, the invention is suitable to be used in any application 
where optical bearri expansion in one or more directions is required 
and different wavelengths of light are treated sequentially in time. Thus, 
the invention can be applied to different type of optical couplers or 

1 0 other light modulator devicee as well. 
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Claims : L 

1 . An optical device (50) comprising at least 

— a llght-transmlttlve, substantially planar waveguidlng substrate (6) 
5 for guiding the light wave (X) within the substrate (6) in the 

direction of the substrate (6) plane based substantially on total 
internal reflections. 

— a preformed, diffractive grating structure (H) carried by the 
waveguiding substrate (6) ar^d arranged to couple the energy of 

10 the light wave (X) between th4 substrate (6) and the surroundings, 

characterized in llial aaid preforrried, diffractive grating structure (H) is 

a preformed surface relief arranged on an electrically deformable 

dielectric and viscoelastic layer (G). and that the device (50) 

further comprises at leaet 
15 — a first llght-transmlttive electrode slruulure (7) arranged between 

the waveguiding substrate (6) and the viscoelastic layer (G), 

— a second light-transmittive electrode structure (9) arranged 
opposite to the viscoelastic layer (G) leaving a dielectric gap (8) 
towards the free surface of the viscoelaslic layer (Q), and 

20 — control means for applying control voltage between the first (7) 
and second (9) electrode structures to generate electric field 
passing through the Interface between the viscoelastic layer (G) 
and the dielectric gap (8) in order to electrlccdiy deform the suriace 
relief of the viscoelastic layer (G) . 

25 

2. The device (50) according to the claim 1 , characterized in that said 
control means arc arranged to electrically deform the surface relief of 
the viscoelaslic layer (G) sequentially In time. 

30 3. The device (50) according to the claim 2, characterized in that the 
deformation of the surface relief of the viscoelastic layer (G) is adjusted 
to produce desired diriractlun properties for given wavelengths (X1.X2) 
otthe lightwave (X). 

35 4 The device (50) according to the claim 3, characterized in that the 
diffraction properties of the surface relief of the viscoelastic layer (G) 
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are arranged to he substantially similar for all of the given wavelengths 
(X^Xz) of the light wave {X). 

5. The device (50) according to any of the foregoing claims. 
5 characterized In that the material nf the viscoelastic layer (G) Is a 

preformable polymer compound. 

6. The device (50) according to any of the foregoing claims, 
characterized in that the material of the dietentric gap (8) is air. gas or 

10 vacuum. 

7. The device (50) according to any of the foregoing claims, 
characterized In that at least other one of the first (7) and <^£%nnnd (9) 
electrode structures consists of a single and substantially planar 

IS electrode zone. 

8. The device (50) according to any of the foregoing claims 1-7, 
characterized in that at least other one of the first (7) and second (9) 
electrode structures consists of multiple eleclrode zurit^^s. 

20 

9. The device (50) according to any of the foregoing claims, 
characterized in that at least other one of the first (7) and second (9) 
electrode structures is of light-transmittive type. 

25 10- The device (50) according to any of the foregoing claims, 
characterized in that the device is arranged to alter at least one cross- 
sectional dimonsion of the light wave {K) coupled between the 
subislralu (6) and the surroundings. 

30 11- The device (50) according to the claim 10. characterized in that 
multiple devices are arranged on a common waveguidlng substrate (6) 
in order to aller several cross-sectional dimensions of the light wave 

35 12. The device (50) according to any of the foregoing claims, 
haracterized In that the device (GO) is arranged to enlarge the exit 
pupli of an optical system. 
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13. The device (50) according to any of the foregoing claims, 
characterized In 'ihal iTie device (50) Is arranged to enlarge the exit 
pupil ot a virtual display. 

5 

14. The device (50) according to any of the foregoing claims, 
characterized in that the device (50) ia arranged to enlarge the exit 
pupil of a sequential colour virtual display and the diffraction properties 
of the viscoelastic layer (G) are arranged to control the colour 

10 uniformity of said virtual display. 
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Abstract : ' — 

The invention relates to an optical device (bO) for 
manipulating a light wave (X) using a diffractive grating 
stmcture (G). According to the tiasic idea behind the 
Invention a prior , art typo diffractive grating staicture 
having a perniarieritly shaped surface relief Is 
substituted with an electrically deformable diffractive 
grating structure (G), where a preformed, basic surface 
relief of the grating Is composed of dielectric and 
deformable viscoelastic maleriai, wtiich can be 
elecincalty and sequentially fine tuned in shape to adjust 
the diffraction properties of said grating individually for 
different wavelengths. The Invention allows to 
manufacture virtual display devices with significantly 
larger exit pupil diameter than prior art solutions without 
degrading the colour uniformity of the display device. 

Fig. 5 
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Fig. 4 
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